Abstract -
INTRODUCTION
Traditional inverters are voltage-source inverter (VSI) and current-source inverter (CSI). VSI input is dc-voltage source: battery, fuel-cell stack, diode rectifier, and/or capacitor [1, 2] . Despite widespread use, VSI has limitations; • In dc-to-ac power conversion, a buck (step-down) inverter is used, so an additional dc-to-dc boost converter is required for ac output to be obtained in applications where dc voltage is limited and overdrive is desired [2] , the addition increasing system cost and lowering efficiency [2] .
• The dead-time needed to avoid simultaneous gating of phase legs distorts waveform [2] .
• Unlike in current-source inverter, an output LC filter is needed to provide sinusoidal voltage, adding to power loss and complicating control [2] .
CSI input is dc current source fed by converter main circuit [1] . The dc current source can be a large dc inductor fed by a voltage source such as a battery, a fuel-cell stack, a diode rectifier, or a thyristor converter. CSI limits are:
• In dc-to-ac power conversion, a boost (step-up) inverter is used, so in applications with a wide voltage range an additional dc-to-dc buck converter is needed [2] , increasing cost and lowering efficiency [2] .
• For safe commutation of current, overlap time is necessary, distorting waveform [2] .
So, both the inverters have these problems [2] :
• Neither can be a buck-boost converter, i.e., the obtainable output voltage range of each is limited to either greater, or smaller, than the input voltage.
• The VSI main circuit cannot be used for the CSI, and vice versa.
Z-source converter (ZSC) is a problem-solving option. It is unique in that it can be applied to all power conversion topologies: dc-to-ac, ac-to-dc, ac-to-ac and dc-to-dc. The focus here, however, is dc-to-ac power conversion known as Z-source inverter (ZSI). Three types of PWM control, i.e., traditional PWM, simple boost PWM (SB-PWM), and modified-reference PWM (MR-PWM), were each implemented in a single-phase ZSI, in open-loop system, simulated with various dc input voltages and various switching frequencies, and the effect of changing the modulation indices analyzed to determine the inverter's performance.
II. Figure 1 shows the general structure of a ZSI, which comprises four main blocks: dc voltage source, Z-source network, inverter network, and ac load. The dc source can be either a voltage source or a current source. The Z-source network comprises split inductors L 1 and L 2 , and Xconnected capacitors C 1 and C 2 , for coupling of the inverter network to the dc source. The inverter network can be single-phase or three-phase; the focus here is the single phase. The end block is an ac load, which can be connected to the load (i.e., motor), or to another converter. A diode and Z-source network connected between the dcinput voltage and inverter are the main differences in the power circuit [5] . The diode function is to prevent discharging capacitor through the dc-input voltage [5] .
Z-SOURCE INVERTER
A special feature of ZSI operation is that it allows both power switches of a phase leg to be turned on simultaneously without damaging inverter network [3] (a scenario called shoot-through). The inverter's performance can be analyzed via its equivalent circuits; see Figure 2 . In shoot-through state, the ZSI is shorted; see Figure 2 (a). By assuming C 1 =C 2 =C, we get:
No energy is transferred to the load. During non-shoot-through state, current flows from the Zsource network through the inverter network, to the connected ac load. The Z-source network can now be represented by an equivalent current source; see Figure 2 (b).
The following equations thus result:
III.
PWM CONTROL

A. Traditional PWM
The gate signals are generated by comparing sinusoidal reference signals with a triangular carrier signal; see Figure  3 .
Legends:
A -carrier signal B -reference signal 
B. Simple boost PWM (SB-PWM)
Past research [2, 4, 6] implemented this method in threephase Z-source converter. This work used the same concept as of Figure 4 and implemented it in single-phase ZSI. For control of shoot-through duty ratio, two straight lines equal to, or greater than, the peak value of the reference signal, are used. When the carrier signal is greater than the upper straight line or lower than the bottom straight line, the circuit turns into shoot-through state [6] ; else, it operates like a traditional carrier-based PWM.
Legends:
A -upper straight line C -reference signals B -carrier signal D -lower straight line 
C. Modified-reference PWM (MR-PWM)
In [3, 7] , the method was implemented in single-phase Zsource converter and was more extensively studied than the results of its simulations were discussed. It uses four modified reference signals to control four switches independently; see Figure 5 . For control of the two switches in the first-phase leg, two positive references compare with the carrier signal, and for control of the two switches on the second-phase leg, two negative references compare with the carrier signal.
Legend:
A -Modified references Figure 5 . MR-PWM on the single-phase Z-source inverter [7] IV.
SIMULATION AND RESULTS The Z-source network values for L and C were 1000 uH and 1000 uF respectively, to gain around 500W output power at 50Hz, for an input range of 70V-135V with 10kHz switching frequency. Figure 5 shows system configuration used for simulation work. The work process runs in 3-steps. 
A. Constant Switching Frequency & Output Voltage
(RMS) Table 1 shows the resulting output voltages (RMS) at 10kHz switching frequency. Changing the dc-input voltage and the modulation index changed the output voltage at around 500W constant output power. Table 2 compares the results for simulation at 130V constant dc-input voltage. The highest modulation index for the traditional PWM was found to be 0.97, nearly the range's maximum of 1. The maximum voltage stress and the output power (around 400W) were thus determined, but the other PWM methods obtained around 500W, making comparison with the former unfair.
B. Constant dc-input voltage
TABLE 2. COMPARISON OF OUTPUT VOLTAGES (RMS) OF THE THREE PWM CONTROLS, AT 130V DC-INPUT VOLTAGE
C. Improved THD of output current As shown in Table 3 , at 15kHz switching frequency, the output-current THD in SB-PWM and in MR-PWM was each improved compared with that in traditional PWM. Similar output power of around 500W can be obtained by regulating the dc input voltage and the modulation index. 
